Abstract -Body size is related to fitness in many insects. In solitary bees offspring body size is largely determined by maternal provisions and microclimate. We studied the effect of quantity and quality of provisions and rearing temperatures (20, 25 and 30 • C) on body size in the Red Mason bee, Osmia bicornis. Cocoon weight increased with provision weight and decreased with increasing temperature. High temperature (30
INTRODUCTION
Solitary bees are important pollinators of both wild and crop plants (Batra, 1995; Freitas and Pereira, 2004) . Due to the worldwide pollinator decline (Kearns et al., 1998) , the economic importance of pollination services (Klein et al., 2007) , and increasing knowledge about the role of the so-called "wild bees" in (crop) pollination (e.g. Winfree et al., 2007) , the interest in conservation and management of wild bees has considerably increased. Thus, detailed knowledge is needed about the requirements for successful reproduction and population maintenance for at least in some model species.
Body size is related to fitness in many insects (Honěk, 1993) . In solitary bees, several studies have shown advantages for larger individuals in foraging efficiency (Torchio and Tepedino, 1980) , fecundity (Sugiura and Maeta, 1989; Kim, 1997) , nest usurpation (Tepedino and Torchio, 1994; Kim, 1997) , and overwintering survival (Tepedino and Torchio, 1982; Bosch and Kemp, 2004) . Thus, factors affecting offspring body size in solitary bees could play an important role in reproductive success and population dynamics. In solitary bees body size might be influenced by the amount of larval provisions, the quality of provisions, and temperature during development. Several studies have shown a strong correlation between the amount of provisions consumed by larvae and adult body size (e.g. Klostermeyer et al., 1973; Bosch and Vicens, 2002) , whereas heritability for body size seems to be low (Tepedino et al., 1984) .
Larval body size and performance might be influenced by the quality of pollen-nectar provisions as well. Pollen of different plant species differs in nutritional value . Several studies have shown that different pollen types differentially influence larval growth and development in honey bees (e.g. Standifer, 1967) , bumble bees (e.g. Tasei and Aupinel, 2008) and solitary bees (e.g. Levin and Haydak, 1957; Praz et al., 2008) . Mixing of different pollen species could be advantageous, because it results in a better balance of nutritive substances and dilution of toxins (Bernays and Minkenberg, 1997; Tasei and Aupinel, 2008; Unsicker et al., 2008) .
In addition to larval food, characteristics of the nesting site can affect offspring body size. Temperature is probably the most important abiotic ecological factor and the "temperaturesize rule" for ectotherms states that lower temperatures during development result in larger adult body size (e.g. Atkinson, 1994) . Since nest sites of solitary bees probably vary in temperature regimes (due to variable solar irradiation and insulation), offspring body size is probably influenced by these differences.
In this study we investigated possible effects of (1) quantity and (2) quality of larval food as well as (3) temperature during development on body size of the Red Mason bee Osmia bicornis (Linnaeus 1758, Hymenoptera, Megachilidae, formerly O. rufa L.). Based on empirical knowledge about other bees and herbivores, we predicted that the size of offspring bees will be positively correlated with both the amount and the diversity of pollen provisions (nectar was not included in the analysis due to its low amount in O. bicornis provisions). In brood cells provisioned with only one pollen species, larval performance might differ between pollen types due to differences in nutritional value. Furthermore, we tested the prediction that lower rearing temperatures result in larger body size of the bees.
MATERIALS AND METHODS

Bees
O. bicornis is one of the most abundant solitary bees in Central Europe (Westrich, 1989) . The females of this univoltine, polylectic species fly from early April to mid-June and they accept a large range of pre-existing cavities where they build their (mostly) linear nests. Each nest consists of several brood cells that are provisioned with pollen and some nectar (< 4% of total provisions) and separated by loam partitions (Maddocks and Paulus, 1987; Strohm et al., 2002) . Females attach a single egg onto the provisions of each brood cell. The larvae hatch, consume the provisions, spin a cocoon, pupate and undergo metamorphosis in late summer. They hibernate as adults inside their cocoons and emerge the next spring when temperature rises.
Brood cells were obtained from a population of O. bicornis nesting in trap nests in two observation huts near the Biocenter of the University of Würzburg, Germany. The vegetation surrounding the huts consisted of set-aside orchards (mainly apple trees and grassland), landscaped grounds (several tree species and lawn), and farmland (rape and cereal crops). Female bees readily accepted trap nests that were made of dense styrofoam covered with transparent polycarbonate lids that allowed continuous observation of nesting activity and brood development (for more details see Strohm et al., 2002) . Between 8 May and 14 June 2006 we selected 26 completed nests with a total of 205 brood cells that contained eggs or newly hatched larvae which had not yet started feeding on the provisions. We brought them into the laboratory to determine the mass (quantity) and composition (quality) of pollen and to subject them to different temperature treatments (see Sect. 2.4).
Pollen quantity
Polycarbonate covers were carefully removed from the trap nests and brood cells were separated. The pollen loaf with the attached egg was removed with a custom made scoop of known weight. After weighing to the nearest 0.1 mg (Mettler AE 160) the provision with egg/larva was carefully put back into the brood cell. Weighing the pollen loaf without the egg was not possible because detaching it from the provision would have harmed the egg or young larva. However, egg weight is largely the same for all brood cells; thus, the inclusion of egg weight should not have biased the results for provision weight. Brood cells were re-sealed with paper on the side and transparent foil on the top (fixed with adhesive tape) and subjected to different rearing temperature treatments (see Sect. 2.4). At the end of development, pollen remnants were weighed and the difference between the initial and final provision weight was considered to be the mass of pollen actually consumed.
Pollen quality
After removal of nest lids (see Sect. 2.2), samples of pollen were taken using a moistened needle that was used to puncture the provisions at Effects on Osmia bicornis body size 171 five spots spread over the pollen loaf. After each puncture, pollen grains adhering to the needle were wiped onto a slide where they were immersed in Polyvinyllactophenol (PVL) and covered with a coverslip. To identify the bee-collected pollen in the provisions, a reference collection of pollen was prepared from all plants that flowered during the nesting activity of the bees within a radius of 500 m around the huts (107 plant species).
Pollen samples were viewed under a microscope (Leitz Laborlux S) with 500-fold total magnification and identified to plant family level based on comparisons with the reference collection. Since the pollen protein concentration -one of the most important factors influencing larval growth and body size in bees (e.g. Roulston and Cane, 2002) is highly conserved within plant families , determination of pollen to plant family level seems to be sufficiently precise to investigate effects of pollen diversity on larval performance. The pollen grains of each family were counted over the whole field of vision at ten randomly selected positions per sample. As an approximation of pollen grain volume, we used the area (in pixels) covered by a pollen grain in the microscope view (photos taken with a Nikon Coolpix 4500 camera). We computed the percentage of the area covered by each pollen family and used these percentage values to calculate the Simpson Diversity Index (Begon et al., 1996) for each brood cell.
Temperature treatments
Brood cells were randomly allocated to three different rearing temperatures -20
• C (N = 68), 25
• C (N = 72), and 30
• C (N = 65) -and stored in dark climate chambers (Ehret ATS 1373; Emmendingen, Germany; +/-1 • C). For each group, the brood cells were placed into a plastic box (20 × 20 × 6 cm) which was covered with gauze to allow for ventilation and put into a cardboard box to prevent desiccation. For the 20
• C and 25
• C treatments, the brood cells were kept in the incubator for 13-17 weeks, at the end of which development was completed. However, in the 30
• C-treatment we observed that most larvae consumed only part of their pollen provision and spun very early into very small cocoons. To avoid overly high mortality due to this obviously stressful temperature, we transferred these brood cells individually from 30
• C to 25
• C immediately after cocoon spinning. This procedure still allowed the comparison of cocoon weights obtained at three different rearing temperatures but minimised further mortality for the 30
• C group. On 5 September 2006, all brood cells were transferred to 10
• C to initiate diapause. The cocoons were weighed to the nearest 0.1 mg at the same individual age (119-122 days after oviposition) as a measure of adult body size. Then mortality and sex were determined by inspection of the bee after opening the apical end of the cocoon. Cocoons were immediately put back into their brood cells at 10
• C.
Data analyses
Using an ANCOVA (SPSS 15.0), we analysed (1) the effects of pollen quantity, pollen diversity, and temperature on body size. Since the diversity indices were generally very low and could not be transformed to normal distribution, they were grouped into three different classes: low (D = 1.000-1.009; N = 69), middle (D = 1.100-1.599; N = 57) and high (D = 1.600-3.350; N = 57). Diversity class was used as a random factor in the analysis. (2) We tested for an effect of different single pollen species on growth by selecting cells containing mainly ( 95%) a single pollen family. For this analysis, only male brood cells were used since the respective samples of females were too small for a reasonable analysis. (3) We analysed possible causes of pollen remnants taking into account the significant correlation (see Sect. 3. 3) between the amount of provisions and the amount of pollen remnants. For all ANCOVAs, only brood cells in which progeny survived at least until sex determination were used (N = 183). Furthermore, we compared the frequencies of brood cells with pollen remnants and mortality rates between temperature treatments using χ 2 -tests (BiAS 8.1).
RESULTS
Pollen quantity and sex
The ANCOVA showed strong effects of consumed pollen mass and sex on cocoon weight. Females were significantly heavier than males (df = 1; F = 14.8; P = 0.006; Fig. 1 ) and body size was significantly positively correlated with the mass of consumed pollen (df = 1; F = 532.4; P < 0.001; Fig. 2) . 
Pollen quality
Despite the diverse pollen sources present in the surroundings of the nesting site, O. bicornis females used only a few plant species and/or families. For the main part of the nesting season they foraged primarily on oak (Fagaceae) and maple (Aceraceae), whereas towards the end of the flight season they mainly collected a mix of poppy (Papaveraceae, most probably Papaver rhoeas, P. dubium) and buttercup (Ranunculaceae, Ranunculus acer, R. auricomus, R. repens) pollen. We found pollen of many other plant families in the provisions (Brassicaceae, Fabaceae, Caryophyllaceae, Corylaceae, Salicaceae, Oleaceae, Asteraceae, Caprifoliaceae, Plantaginaceae), however, mostly only in trace amounts (i.e. < 5%). In general, diversity indices of the pollen provisions were low (median = 1.22; quartiles 1.03 and 1.75). In 71 brood cells (38.8% of the total examined), the provision consisted of mainly one pollen family ( 95%): Fagaceae (most probably Quercus robur, 47 cells), Aceraceae (Acer campestre, A. platanoides, A. pseudo-platanus, 22 cells) and Rosaceae (2 cells). In 56 cells (30.6%), one pollen family was dominant ( 75%; < 95%). In the remaining 56 cells no pollen family accounted for more than 75% and most did not contain considerable proportions of more than two pollen families. Pollen diversity (class) did not affect cocoon weight (df = 2; F = 4.3; P = 0.787). There was no significant difference in the cocoon weight of males from 47 cells with ( 95%) Fagaceae pollen and 22 cells with ( 95%) Aceraceae pollen (df = 1; F = 0.02; P = 0.897).
Temperature
Mortality rates differed significantly between temperature treatments (χ 2 = 8.576; df = 2; P = 0.0137). At 30
• C, 20% of bee offspring died, whereas the mortality rate at 20 and 25
• C was 5.9 and 6.9%, respectively. Cocoon weight decreased significantly with increasing temperature (df = 2; F = 74.0; P = 0.001; Fig. 1 ). This was due to two different effects: first, the frequency of brood cells with pollen remnants (χ 2 = 92.6; df = 2; P < 0.00001) and the amount of pollen remnants (df = 2; F = 115.2; P < 0.001; Fig. 3 ) increased with temperature (there was a significant effect of provision weight (df = 1; F = 48.9; P < 0.001) and sex (df = 1; F = 6.5; P = 0.011) on the amount of pollen remnants, too). Second, for a given amount of consumed pollen the cocoon weight decreased with increasing temperature (Fig. 2) . Thus, larvae consumed less food at higher temperatures and produced less body mass per unit of provisions at higher temperatures.
DISCUSSION
Pollen quantity and sex
We found a highly significant positive effect of consumed provision mass on body size, which is consistent with other studies on solitary bees and wasps (e.g. Strohm, 2000; Bosch and Vicens, 2002) . Provision mass seems to be one of the most important factors determining offspring body size and is one reason for the often found sexual size dimorphism in mass provisioning solitary Hymenoptera (including O. bicornis), because females receive larger provisions than males (e.g. 
Pollen quality
Pollen of different plant families can vary in nutrient composition (proportion of protein in particular) and certain pollen might lack some essential amino acids, lipids, vitamins or sterols, or might even contain toxins (e.g. Ranunculus spp.) that affect larval growth and performance (Levin and Haydak, 1957; Stanley and Linskens, 1974; . In addition, pollen species vary in digestibility for insect larvae so that efficiency of nutrient extraction and assimilation differs (Suárez-Cervera et al., 1994; . Several studies have shown advantages of mixed larval diets for herbivores (Bernays and Minkenberg, 1997; Unsicker et al., 2008) and bees (Stanley and Linskens, 1974; Tasei and Aupinel, 2008) . In contrast to these studies, we found no effect of pollen diversity on body size of O. bicornis. However, the generally low diversity in the provisions could have precluded the detection of such an effect. Thus, the question whether pollen diversity could influence larval growth cannot be reliably answered by our study. A manipulative approach that employs a substitution of the natural provision with pollen mixtures of different diversity could help to clarify this question. Furthermore, we recorded only offspring size; development times and, in particular, adult performance could be relevant measures as well.
Despite a wide variety of available pollen types during the nesting period, the females created provisions containing mainly only one or two pollen families and only small trace amounts of others. Such a pattern has frequently been reported for this and other polylectic bee species (e.g. Raw, 1974; Cripps and Rust, 1989; Müller, 1996; Quiroz-Garcia et al., 2001) . A strong preference for oak and maple is consistent with other studies on solitary bees, including O. bicornis (e.g. Chambers, 1945; Tasei, 1973; Raw, 1974; Kraemer and Favi, 2005) . While maple produces pollen and nectar, oak is wind-pollinated and offers large quantities of pollen, but no nectar. Since bee females need nectar in addition to pollen, females that collect oak pollen have to visit other plant species for nectar. As they do so, they probably pick up small quantities of pollen, which might explain the trace amounts of some pollen families in the provisions.
The predominance of low-diversityprovisions under natural conditions suggests that O. bicornis females specialize temporarily (and locally) on one or two plant species with high pollen availability to maximize the collected pollen mass per time unit. This behaviour reduces the provisioning time for a brood cell and is probably adaptive due to two not-mutually exclusive reasons. First, weather conditions are rather unstable in spring; thus, the available pollen should be exploited as fast as possible. Second, the risk of open-cell parasitism during the females' absence from the nest (Goodell, 2003; Seidelmann, 2006) can be reduced. It seems plausible that females face a trade-off between diversity and amount of provisions for their offspring since the collection of a given amount of pollen probably takes longer the more plant species are visited. Since we found no effect of pollen diversity on developmental success (but see above), O. bicornis females should maximize pollen mass without taking pollen diversity into account.
Some studies demonstrated differential growth and/or mortality for bees grown on single pollen species due to their different nutrient compositions (e.g. Levin and Haydak, 1957; Roulston and Cane, 2002; Praz et al., 2008) . The protein content of the consumed pollen is generally considered to be the most important factor influencing bee growth (e.g. , albeit not the only one (see e.g. Levin and Haydak, 1957; Stanley and Linskens, 1974) . pointed out that pollen of 377 plant species from 93 families ranges from 2.5% to 61% in protein content (most values were within 15-40%). The reported pollen protein contents for different Acer-species (see also McLellan, 1977) were 34.75 to 45.2%, nine Quercusspecies ranged from 30.6 to 41.5% . Regarding a possible deviation of up to 5% in pollen protein content due to different environmental conditions (Stanley and Linskens, 1974) , maple and oak pollen seem to be similar in protein content. This could explain the lack of differences in cocoon weight of larvae reared on these pollen families in our study. While Acer spp. are insect-pollinated plant species, Quercus spp. are usually wind-pollinated. Thus, our results represent an example for equal bee growth on pollen of zoophilous and anemophilous plants.
Though there is no clear evidence that bees prefer to collect protein-rich pollen , the females in this study collected pollen families with a relatively high protein content (>30%). After the main nesting season when the maple and oak bloom was over, provisions contained mainly a mix of poppy (Papaveraceae) and buttercup (Ranunculaceae) pollen. While poppy pollen has a protein content of 43.1 to 45.3%, McLellan (1977) reported a value of only 19.4% for buttercup. Because of these differences, it would have been very interesting to include bee growth on pollen of these two pollen families. Moreover, Ranunculaceae pollen might have negative effects on larval development since it is suspected to contain toxic substances (e.g. Stanley and Linskens, 1974) .
Temperature
In agreement with the general temperaturesize rule for ectotherms (Atkinson, 1994) , we found that cocoon weight decreased with increasing temperature. The proximate as well as the ultimate causes for this phenomenon are still ambiguous and general explanations may not exist (Angilletta and Dunham, 2003; Walters and Hassall, 2006) . Karl and Fischer (2008) reported that the copper butterfly Lycaena tityrus attained higher body weight at lower temperatures by behavioural as well as physiological mechanisms: Caterpillars consumed less food and had a lower efficiency in converting ingested food into body mass at higher temperatures. Consistent with these results, the larvae of the O. bicornis showed a decreased food intake at higher temperatures (behavioural mechanism). In particular at 30
• C, larvae left considerable amounts of their provisions unconsumed and started cocoon spinning early, resulting in (very) small body sizes. However, we also observed a reduced cocoon weight per unit of consumed provisions at higher temperatures (Fig. 2 ). This suggests that there is also a physiological mechanism that causes a reduction in growth efficiency and size. We can only speculate on possible explanations: developmental rate might be more accelerated than growth rate or the critical weight for differentiation might be reduced at higher temperatures (Ratte, 1984) . However, because we did not record the duration of developmental stages, no information about developmental rates of the three temperature groups are available. Moreover, we cannot exclude a possible negative effect of low humidity and/or desiccation of provisions at higher temperatures since relative humidity could not be precisely controlled in the climate chambers.
In contrast to honeybee brood which is reared at a constant temperature of about 35
• C (e.g. Jones et al., 2004) , constant 30
• C seems to be too high for the O. bicornis larvae and results in both high mortality and a very small adult body size. We suppose that such small adults were probably not able to survive until spring due to insufficient energy reserves for overwintering (see Bosch and Kemp, 2004) .
Conclusions
Our results suggest that the amount of consumed pollen plays a major role in determining offspring body size and might thus affect fitness in the Red Mason bee Osmia bicornis, whereas pollen diversity has no effect on larval growth. Therefore, the presence of at least a few plant species with abundant pollen seems to be more important for the maintenance of O. bicornis populations than a diverse spectrum of plant species around nesting sites. Furthermore, we provide clear evidence that O. bicornis follows the temperature-size rule in development (decreasing body size with increasing temperature), and that constant temperatures above 25
• C can negatively affect bee offspring. Future studies of growth on provisions of different pollen diversity, growth on different single pollen species, and the effect of different constant and fluctuating temperatures on bee growth and fitness are necessary to elucidate the requirements for pollen sources and nesting sites of this important European pollinator.
Facteurs affectant la taille corporelle de la progéniture de l'abeille solitaire Osmia bicornis (Hymenoptera : Megachilidae). 
Osmia bicornis
